An improved molecular mechanics force field for conformational and vibrational studies of aliphatic acyclic amines is developed. The resulting force field reproduces molecular structures adequately and provides a good fit for energy differences between conformers and barriers to internal rotation for a large number of amines. In addition, vibrational frequencies are calculated in good agreement with available experimental data. When compared with existent force fields for amines, the present force field is considerably more simple and gives rise to calculated properties in closer agreement with experiment.
INTRODUCTION
Molecular mechanics offers an attractive means of undertaking conformational and vibrational analysis. Therefore, we have begun to develop this technique in our laboratory with a view to applying it to the problem of model compounds used to understand the enzyme-substrate intermediates found during the catalytic action of serine and cysteine proteases [1] [2] [3] [4] [5] [6] [7] [8] . As a starting point, we have developed a molecular mechanics force field for conformational analysis of simple acyl chlorides, carboxylic acids, and esters which can also been used to deal with alkanes, alcohols, and ethers [9] . This force field was later applied to c~-chlorosubstituted carbonyl compounds, mainly to assess conformational freedom involving rotation around the C--C(~O) bond [10] [11] [12] and, more recently, extended to deal with alkanethiol, thioether, and thiocarbonyl molecules [13, 14] .
In the present study we have extended our force field (PF1) to amines, thus initiating the nitrogen atom parameterization. This extension represents a decisive *To whom correspondence should be addressed. improvement for the future application of the force field to the enzyme-substrate model compounds.
COMPUTATIONAL METHODS
The molecular mechanics calculations were carried out with the fast convergent energy minimization CFF program and Niketic and Rasmussen [15] , adapted to a DG/Eclipse MV8000 computer. Detailed information on computational algorithms and the original program can be found in Refs. [15] and [16] .
The potential energy function is defined as a sum of terms in bond and angle deformations (harmonic terms), torsional contributions (cosine-type), and nonbonding interactions (Buckingham potential, exp-6 type). ~Units are chosen so that energy is given in kJ mol ~, distances in pm, and angles in radians. ~The symmetry of the C--C--N--H rotor in t-butylamine requires the derivation of a different set of C--C--N--H parameters for this molecule. Thus, in this case, K~ and n are 1.925 and 3, respectively. a molecule. To account for amine group inversions, we have included negative threefold cosine-type terms, which depend on the value of the dihedral angle ~o defined in Figure 1 .
The force field parameters necessary to deal with the amine group were optimized following the general scheme referred to in Refs. [9] and [17] and are presented in Table 1 . The remaining parameters were taken from our previously developed force field for alkanes [9] .
In consonance with previous studies [9] [10] [11] [12] [13] [14] , we have not explicitely considered the lone-pair electrons in the force field parameterization, since this consideration requires an increase in the number of forcefield parameters and does not seem to be necessary for a correct description of molecular properties.
The experimental data selected for parameterization and the model compounds used in this study are presented in Table 2 . Ethyl-and n-propylamine molecules were essential to determine both the nonbonding and C--C torsional parameters, while methyl, ethyl, dimethyl, ethylmethyl, and t-butylamine molecules were used to evaluate C--N torsions. The nitrogen atom inversion parameters were determined using methyl, dimethyl, and trimethylamine molecules. Whenever available, microwave geometries, relative energies, and gas-phase vibrational frequencies were used for parameterization. In those cases where experimental geometries and energies are either not available or not accurate enough, SCF-MO ab initio values, calculated using the 3-21 G + d (0.8N) basis set [48, 49] and the MONSTERGAUSS program package [50] , were used. On the other hand, when the gas-phase frequencies were not known, spectroscopic data from solution or liquid phase were considered. This approximation does not seem to be very important considering the usual small frequency shifts accompanying the change of phase. Instead of pursuing a detailed description of the spectra that would require a strong increase in the force field complexity [16, 17] , our purpose is to reach a general agreement between calculated and experimental frequencies with a simple and reliable force field. 
RESULTS AND DISCUSSION

Molecular Structures and Relative Conformational Energies
Calculated molecular structures and energies are presented in Tables 3 and 4 . When compared with experimental data our molecular mechanics results show a good general agreement (Figures 2 and 3 ) and improve on the literature data [29, 30] . In particular, the excellent agreement between experimental and calculated values for the molecules not included in the parameterization should be noted. This agreement is a good indication of the quality and predictive power of the force field. In addition, changes in molecular geometries associated with internal rotation are also generally well predicted, especially for valence and dihedral angles (see Table 3 ). The exception to this general rule seems to be the N-C-C angle. In primary amines, this angle increases from -~109.5 ~ to ~115.5 ~ when the conformation around the N--C bond changes from the gauche (Lp-N-C-C dihedral angle ~ _+ 60 ~ to the trans form (Lp-N-C-C dihedral angle = 180 ~ [23, 24, 29] . However, this increase of the N-C-C angle depends mainly on an electronic effect and so is difficult to reproduce within the molecular mechanics framework. In fact, it is associated with a greater electronic delocalization from the nitrogen lone-pair electron to the molecular skeleton in the trans conformation; this electronic transfer changes the hybridization state of the a carbon atom to closer an sp 2 state [29, 51] . It should be pointed out that in the diisopropylamine molecule (Figure 4) , where strong steric hindrance is present, the calculated C-C-C and C-N-C angles agree well with the experimental values (see Table 3 ).
The PF1 calculated minimum energy conformations of mono-, di-, and trimethylamine molecules are presented in Figure 5 . The CH3 experimental energy barriers to internal rotation in these molecules, as well as the inversion barriers of mono-and dimethylamine, are reproduced very well by calculations (see Table 4 ). In contrast, the inversion barrier in trimethylamine (31.4 kJ tool -1 [38] ) is overestimated by calculations (40.9 [23, 24] n-Propylamine b Parameter [18, 19] T Table 4 ). However, molecular mechanics predicts an energy for the GG' form ~ 3 kJ mol-1 higher than that of the TT form and above those of the GT and TG forms. This discrepancy results from the general inability of a molecular mechanics force field to deal with hydrogen bonds, as the stabilization of the GG' conformer of n-propylamine is due to the presence of an intramolecular hydrogen bond involving the formation of a H--C--C--C--N five-membered ring [ mechanics results also indicate that the TTT conformer of n-butylamine should correspond to the most stable form under conditions in which the intramolecular hydrogen bond that stabilizes the GG'T form could not subsist. On the whole, the present calculations give good theoretical support to previous vibrational spectroscopic studies [40] , which had suggested that the most stable conformer of n-butylamine in the liquid and crystaline phases should have a trans-N--C--C--C axis. Conformational preferences of isopropylamine have been subject to several experimental studies, which have given rise to contradictory results. An infrared spectroscopic study of the torsional modes of this molecule in the gaseous phase [53] suggested that the gauche form (see Figure 8) should predominate over the trans form, the trans-gauche energy difference being very small. On the contrary, analysis of the temperature dependence of the IR and Raman spectral bands [41, 42] pointed to the reverse order of stability of the two conformers. In addition, several theoretical studies have also been carried out on this molecule. Using standard geometries and the 4-31G basis set, the ab initio calculated AEt ..... gauche was found to be -2.80 kJ tool-1 [54] . However, this energy difference was reduced considerably (AEt ..... gauche = --0.69 kJ mol -l) when partial geometry optimization was performed and po-' larization functions on the nitrogen atom were used [43] . Full geometry optimization reversed the relative stabilitiy of the two conformers, the gauche form being more stable than the trans form by ~0.15 kJ mol-1 (see Table 4 ). The model that was proposed [41, 51] to explain the greater stability of the trans form, as experimentally suggested, assumed that the trans stabilization is due to a back-donation effect from the nitrogen lone pair to the o-* antibonding orbital associated with the trans a-CH bond. However, a similar interaction involving a trans a-CC bond, which is found in the gauche conformer, has also been recently proved possible [29] . In addition, it is now also clear that the correct prediction of the relative stabilities of amine conformers Table  4 ). In particular, both ab initio and molecular mechanics methods predict that a trans C--C--N--C axis is more stable than a gauche C--C--N--C axis by -~4 kJ mol-l. In addition, it is interesting to note that the of CH3-9 "CH3 repulsions that accompanies the increase of the methyl-methyl distance--which, in turn, correlates with an increase in the C--X bond--can, at least in part, justify the observed trend.
28] (see Figure 6). Similar intramolecular hydrogen bonds occur in the GG'T and GG'G' forms of nbutylamine (see Figure 7) [29], thus justifying the overestimation of the AE(GG'T-TTT) and AE(GG'G'-TTT) molecular mechanics calculated values. The molecular
Vibrational Frequencies
During the force-field parameterization, we have favored a general agreement between calculated and observed vibrational frequencies [9, 13, 14] . The results are summarized in Tables 5 and 6 . These tables present only the results for skeletal vibrations and for the modes involving the amine group. The remaining modes show the general trends found for previously considered families of molecules [9, 13, 14] . Generally speaking, the agreement between calculated and experimental values is good, even when conformational dependencies of frequencies are analyzed. In particular, the remarkable agreement should be noted between calculated and experimental torsional frequencies, which are usually quite difficult to reproduce adequately at this level of calculation, due both to their usual high degree of anharmonicity and to their vibrational coupling. relative stability of a trans and gauche C--C--X--C axis, with X = C, N, O, or S, shows a systematic trend when it is correlated with the C--X bond length. In fact, a plot of AEgauche-t ..... as evaluated from the PF1 or obtained experimentally, vs. C--X bond length (Figure 10) gives a straight line, showing that the relative stability around a C--C--X--C axis depends linearly on the length of the central C--X bond. A reduction
CONCLUSION
The present extension of the PF1 force field to nitrogen-containing molecules allows the characterization of several imporant conformational properties of these compounds. The agreement obtained between calculated and reference data is generally very good, even in the case of vibrational frequencies which are generally quite difficult to fit by molecular mechanics. The present force field represents a decisive improvement for the future application to model compounds used in the study of the reaction intermediates resulting from the action of serine and cysteine proteases.
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